Arrays of ideally ordered alumina nanochannels with unprecedented ϳ10 nm pore size, 40-50 nm interpore spacing, and improved channel uniformity have been fabricated by anodizing an aluminum substrate with a guiding pattern on its surface. The pattern is an array of hexagonally close-packed concaves fabricated by focused ion beam direct sputtering; and its lattice constant is carefully matched to the conditions of the subsequent anodization process in order to achieve effective guiding in the growth of the nanochannels and therefore the ordering of an array. © 2005 American Vacuum Society. ͓DOI: 10.1116/1.1884123͔ Porous anodic aluminum oxide ͑AAO͒ films have been exploited as templates for the growth of nanomaterials with special magnetic, 1 electronic, and/or optical properties 2 because the pores formed spontaneously during anodization are straight and parallel channels on the nanometer scale. For example, AAO films with different average interpore spacing ͑S͒ and pore diameter ͑D͒ were used to grow carbon nanotubes 3 and metals such as Cu and Ni. 4, 5 To fully explore the potential quantum properties of these nanomaterials, it is desirable to further reduce the size and improve the uniformity as well as order of the nanochannels. 6 The current status of the growth technology for the AAO nanochannel array is that, using certain electrolyte solutions and corresponding anodization voltages, the nanochannels can self-organize into hexagonally close-packed ͑HCP͒ domains with an average size of a few micrometers. 7, 8 For example, using 0.3 M oxalic acid and an anodization voltage of 40 V, the best selforganized order was achieved on arrays with S = 100 nm. Although the nanochannels of such self-organized arrays also exhibit improved size uniformity, the presence of irregular channels on the domain boundaries sets a severe limitation on its further improvement. Therefore, increasing the domain size is not only an important challenge by itself but also an essential measure for improving the size uniformity of nanochannel arrays on AAO films.
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To date, four approaches have been developed to fabricate ideally ordered nanochannel arrays ͑Some researchers prefer to use the term "single-domain" or "long-range ordered" rather than "ideally ordered" to describe an array grown with the help of some guiding techniques.͒ On AAO film: imprint lithography with a SiC-mold, 9,10 direct focused ion beam ͑FIB͒ lithography, 11 holographic lithography, 12 and resistassisted FIB lithography. 13 These lithographic methods first create an ordered array of concaves on the Al surface and then use these concaves as "pinning points" to fix the positions of the nanochannels and therefore eliminate the misalignment between different domains of nanochannels formed in a self-organized channel formation process. Although the mechanism of pinning remains an issue to be clarified and may well be slightly different for different lithographic guiding method, it relies most likely on the fact that the oxide growth front in the bottom of the concaves are deeper than that formed spontaneously on the flat area during the initial phase of oxidation. Such head start in the oxide growth front allows the lateral positions of nanochannels to be pinned down on the centers of the concaves. To date, the imprint-lithography guiding method has produced ideally ordered nanochannel arrays with the smallest S of 63 nm. 10 To further explore the potential applications of such AAO film with ideally ordered array of nanochannels as templates for high-density memories, quantum devices, and novel nanocomposites, it is desirable to further reduce the S of an array. In this paper, we report the achievement of ideally ordered nanochannel arrays with unprecedented S of 40-50 nm and D in the 10 nm range by using a FIB-lithography guided growth method. As shown schematically in Fig. 1 , the fabrication process starts from electropolishing a piece of high purity ͑99.99%͒ annealed Al foil ͑thickness of ϳ200 m͒ in a mixture of 50% HClO 4 and C 2 H 5 OH ͑volume ratio 1:5͒ under a constant voltage of 5 V. After polishing, the root-mean-square surface roughness of the sample is typical 1 nm on a 10 ϫ 10 m 2 area, as measured by a contact mode atomic force microscope ͑AFM͒ in air. A 50 keV Ga FIB with a beam diameter of ϳ10 nm and current of 1.1 pA is then employed to create ordered HCP arrays of 3 nm deep concaves on the Al surface. The patterned sample is anodized in 0.3 M sulfuric acid at 5°C for 5 min using an anodization voltage that is derived from the empirical relationship: S = 2.5 nm per volt. 9 When needed, the surface morphology of anodized samples is inspected by a scanning electron microscope ͑SEM͒ with beam energy and diameter of 15 keV and ϳ3 nm, respectively.
To quantify the dimensions of the nanochannels, we adopt the following procedure to measure the pore size of a nanochannel from its SEM image derived from secondary electron signals. First, the total cross sectional area ͑A͒ of a pore is defined as the region within a closed curve whose secondary electron intensity is mid-way between the minimum ͑pore center͒ and maximum ͑far away from the pore͒. Since the curve is not an exact circle usually, the nominal pore size is then defined as D n ϵ͑4A / ͒ 1/2 . The size uniformity of the pores is expressed by the ratio ⌬D n / ͗D n ͘, where ⌬D n and ͗D n ͘ are the standard deviation and average of the nominal pore size, respectively.
Provided the guiding process is effective, the S of an array can be selected in principle by setting the S of the HCP guiding pattern. Figure 2͑a͒ shows the top view SEM image of a guided nanochannel array with S = 50 nm, while its inset plots the size distribution of the pores before postanodization etching treatment. The distribution peaks at 11-12 nm while ͗D n ͘ and ⌬D n are 11 nm and 1 nm, respectively. The small pore size and very narrow size distribution, as compared to that of the unguided nanochannels ͑not shown͒, clearly demonstrate the merits of guided growth by FIB-lithographic patterning. Figures 2͑b͒ and 2͑c͒ show the bottom and cross-sectional view of the array respectively. These images indicate that the nanochannels with an aspect ratio ͑length/ D n ͒ of ϳ100 remain straight and parallel across the entire AAO film of 1 µm thick. Such a high aspect ratio ideally ordered nanochannel array with S = 50 nm is already a very attractive template for the growth of ordered array of one-dimensional nanowires and nanocomposites. Closed up view ͑not shown͒ of Fig. 2͑c͒ indicates that the sizes of the pores open only slightly ͑Ͻ10% ͒ in the initial ͑few tens nanometers͒ growth of the AAO film, further confirming the uniformity of the nanochannels along the growth direction. Figure 3͑a͒ shows an AFM image of a typical array of concaves created on an Al surface by FIB lithography. The S of the guiding lattice is 40 nm and concaves are 3 nm deep ͑ion dose of 10 16 ions/ cm 2 ͒. After anodization, the top view SEM image of the sample ͓Fig. 3͑b͔͒ shows a similar structure as Fig. 3͑a͒ , which clearly demonstrates that the shallow concaves act as effective pinning points to fix the lateral positions of nanochannels in the anodization process even at this unprecedented small S of 40 nm. To further illustrate the precision in the order and uniformity of the array, Fig. 3͑c͒ shows a large scale SEM image of a boundary between guided and unguided nanochannels after the sample is etched in a 5% phosphoric acid for 5 min to open the pores. The apparent morphological difference between the guided ͑lower left͒ and unguided ͑upper right͒ region clearly shows the guided growth improves not only the order of an array but also its size uniformity. Figure 4͑a͒ plots the distribution of D n of the nanochannel array with S = 40 nm, indicating that the ͗D n ͘ and ⌬D n of these nanochannels with an aspect ratio of 20 are 10 nm and 1.5 nm, respectively, both of which are rather close to that of the array with S =50 nm ͑Fig. 2͒. The results clearly indicate that, as S is further reduced from the unprecedented low values of 50 nm to 40 nm, there is a reduction in the ͗D n ͘ of such ordered nanochannel arrays. However, the ⌬D n appears to increase with the reduction of S. Such a somewhat larger nanochannel uniformity, ⌬D n / ͗D n ͘, can be reduced from 0.15 to 0.07 by etching the array in a 5% phosphoric acid for 5 min ͓Fig. 4͑b͔͒, but the improvement is at the expense of increasing ͗D n ͘ from 10 to 27 nm. In other words, chemical etching does not decrease ⌬D n . The apparent improvement in the uniformity of guided nanochannels shown in Fig. 3͑c͒ is only relative rather than absolute.
To push the limit in the smallest size of the nanohannels that can be fabricated by the FIB-lithography guided growth method, a sample with a guiding lattice of S = 30 nm was anodized at 12 V for 5 min. Figure 5͑a͒ shows the top view image of an AAO film at the boundary of the FIB-patterned area. The image demonstrates that the right side ͑patterned region͒ is ordered while the left side ͑unguided region͒ is irregular, and the guided growth method remains effective initially even at such a small scale. Figure 5͑b͒ shows the barrier layer structure of the patterned region of Fig. 5͑a͒ . The array appears to maintain a good degree of orientational order, as supported by the six well-defined peaks in the twodimensional Fourier transform of the image ͓inset of Fig.  5͑b͔͒ . However, local distortion in the order of the array can be clearly observed in Fig. 5͑b͒. For comparison, Fig. 5͑c͒ shows the barrier layer of the array in the unguided region. The complete loss of orientational order in the unguided arrays is clearly demonstrated by ringlike structure in the twodimensional Fourier transform ͓inset of Fig. 5͑c͔͒ of the image. The results of this effort suggest that, although the guiding lattice does not entirely dominate the growth of nanochannels at such a small S, the order of a guided array still shows significant improvement over that of an unguided array.
The imperfect guiding by the FIB-patterning in the growth of an array with S = 30 nm can be partly understood in terms of the observations found in our previous study of the order-disorder transition in the growth of arrays with S of ϳ100 nm. 14 The observations indicate that the HCP guiding pattern must have a lattice constant very close to the S determined by the anodization voltage. Furthermore, for a given acid electrolyte, the anodization voltage must lie with certain range in order to grow a self-organized HCP array with domains of few microns in size. Based on these observations, the concept of "lattice matching" has been adopted to describe the adequacy of the guiding lattice. For an array grown under the guidance of a precisely matched guiding pattern, the length of the nanochannels is practically unlimited, while finite lattice mismatch leads to the existence of a critical channel length, beyond which defects appear on an initially ordered array. Therefore, the loss of effective guiding is due primarily to the use of sulfuric acid for the anodization in 12 V. The combination does not create a selforganization mechanism and therefore the effect of guiding pattern diminishes very quickly as the channels grow. A possible secondary cause of the imperfection in the guiding can be attributed to the reduction in the relative accuracy of the guiding pattern as its S is reduced. Since the FIB has finite beam diameter of ϳ10 nm, the corresponding uncertainty in the positions of each guiding concave may not be negligible when S approaches 30 nm. The primary cause is intrinsic and can only be overcome by the use of another electrolyte that is yet to be found, while the secondary cause is extrinsic and can be solved by the use a better focused FIB.
In summary, we have successfully fabricated ideally ordered HCP arrays of nanochannels on AAO film with unprecedented small pore size of ϳ10 nm and lattice constant between 40-50 nm. Focused ion beam lithography is used to pattern a highly ordered array of shallow concaves on an electro-polished Al sample surface, which act as pinning points for guiding the channel-growth in the latter anodization process. The uniformity in the size of the ideally ordered nanochannels shows significant improvement. The attempt to fabricate an ideally ordered array with an even smaller S of 30 nm is only partially successful primarily because of the lack of an acid that can produce a self-organized array with S = 30 nm. The success in the fabrication of ideally ordered array of nanochannels with such unprecedented small pore size and separation could open up many novel potential applications of this unique porous AAO template. For example, arrays with small pore size could be exploited for applications that rely on the properties derived from the confinement effect of material inside individual nanochannels; while arrays with small pore separation might be used to take advantage of the collective interference effect originated from proximity effect between neighboring nanochannels. This work was partly funded by the National Science Council ͑NSC-93-2120-M-001-002͒ of Taiwan. C. Y. Liu acknowledges the fellowship provided by Academia Sinica, Taiwan.
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